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natural	 communities.	Nevertheless,	 the	 seasonal	 dynamics	 of	 food	web	properties,	
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1  | INTRODUCTION
Food	web	 studies	 are	 an	 integrative	way	 to	 explore	 ecosystems	 in	

















knowledge	 of	 most	 biological	 communities	 (Mayr,	 1998).	 Many	 re-
searchers	studying	food	webs	are	forced	to	work	at	higher	taxonomic	
2  |     ﻿PERALRA-RERAPE PL RAl. 
levels	or	 to	use	 trophospecies	 classifications,	with	greater	effort	di-
rected	at	the	higher	trophic	 levels	than	at	the	base	of	the	web	(Ings	
et	al.,	 2009)	 even	 though	 taxonomic	 resolution	 affects	 the	value	 of	
complexity	descriptors	in	food	webs	(Thompson	&	Townsend,	2000).
Furthermore,	most	studies	do	not	include	the	whole,	or	even	the	














1991;	 Levin,	 1992;	 Stewart,	 John,	 &	 Hutchings,	 2000).	 Therefore,	
temporal	dynamics	also	remains	a	poorly	understood	feature	of	food	














Rodríguez,	 &	 Tierno	 de	 Figueroa,	 2016),	 which	 are	 conditioned	 by	
a	wide	 range	of	 environmental	 factors	 (Lancaster	&	Downes,	 2013;	
Olden,	Poff,	&	Bestgen,	2006;	Sand-	Jensen,	1989).
Although	interest	in	the	study	and	analysis	of	food	web	properties	
has	 increased	 considerably	 over	 recent	 decades	 (Sánchez-	Carmona,	
Encina,	Rodríguez-	Ruiz,	Rodríguez-	Sánchez,	&	Granado-	Lorencio,	2012),	
there	are	important	questions	that	remain	unanswered:	What	is	the	vari-















and	pelagic	 zone)	 at	 a	high	 taxonomic	 resolution	 from	an	 incomplete	
long-	term	dataset	in	a	freshwater	subtropical	lake.
2  | METHODS
The	 study	was	 performed	 in	 the	 shallow	 coastal	 Peri	 Lake,	 located	
in	Santa	Catarina	State,	Southern	Brazil	(27°44′S	and	48°31′W).	Peri	
Lake	has	a	surface	area	of	5.07	km2,	maximum	depth	of	approximately	
11	m	and	an	average	depth	of	4	m	(Figure	1).	 It	 is	a	freshwater	 lake	
with	conductivity	generally	below	70	μS/cm,	separated	from	the	sea	
by	a	3	km	long	and	0.5	km	wide	sandbar	to	the	East,	while	surrounded	
by	250–500	m	mountains	 to	 the	north,	 south,	 and	west	 areas.	 The	
drainage	basin	is	approximately	20	km2,	and	most	of	it	is	within	a	pro-
tected	area	with	limited	human	influence	and	occupation.	Two	main	
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Environmental	 factors	 (conductivity,	 pH,	 dissolved	organic	 carbon,	
water	temperature,	total	phosphorus,	dissolved	oxygen,	total	nitrogen,	






and	 dissolved	 oxygen	were	 recorded	with	 a	 calibrated	 probe	 (model	
YSI-	85),	and	dissolved	organic	carbon	was	determined	in	a	TOC	analyzer	
(Shimadzu	TOC–5000A).	Three	liters	of	lake	water	were	collected	at	each	





&	Talling,	 1978).	 Rainfall	 data	were	 obtained	 from	 ICEA	 (Instituto	 de	
Controle	do	Espaço	Aéreo,	located	5.5	km	from	Peri	Lake),	while	water	
level	data	were	provided	by	CASAN	(Water	and	Sanitation	Company).



















waters,	 and	center)	of	 the	 lake.	A	 total	of	20	 samples	were	 collected	






a	standard	size	of	20	×	1.5	m	 (150	m2	 area).	Nets	were	 installed	 from	
5:00	p.m.	until	8:00	a.m.,	catches	were	identified,	measured	(length	in	
mm	and	weight	in	g)	in	situ,	and	fixed	for	gut	content	analysis.
2.1 | Community diversity and trophic interactions
Taxa	 were	 identified	 to	 the	 lowest	 possible	 taxonomic	 level	 (in	
most	 cases,	nodes	were	 identified	at	 the	 species	 level,	 see	List	of	
identified	 organisms;	 Appendix	 S1).	 To	 study	 seasonal	 patterns	 in	
biodiversity	 in	 an	 idealized	 averaged	 year—that	 is,	 accounting	 for	
the	 different	 sampling	 periods—we	 calculated	 Shannon–Wiener′s	
diversity	 index	 (H′)	 monthly	 for	 each	 group	 (phytoplankton,	 zoo-








using	 a	 qualitative	 interaction	 matrix	 between	 consumers	 and	





origin	of	 the	 links	 (literature	or	 gut	 content	 analysis)	 is	 available	
as	 part	 of	 the	 row	 data	 in	 Appendix	 S2.	 Chironomid	 larvae	 are	
usually	the	dominant	and	richest	invertebrate	group	in	freshwater	
benthic	 habitats	 (Ferrington,	 Berg,	 &	 Coffman,	 2008).	 Hence,	 it	
could	 be	 assumed	 as	 a	 good	model	 group	 to	 infer	 general	 eco-
logical	 patterns	 of	 invertebrates.	 Chironomidae	 trophic	 interac-
tions	 were	 studied	 by	 mounting	 specimens	 on	 semi-	permanent	
slides.	At	 least	10	 identified	 individuals	 (up	to	30)	were	analyzed	
per	period.	Contrary	to	the	rest	of	macroinvertebrates,	this	tech-
nique	was	 really	 successful	with	 chironomidae	 due	 to	 the	 small	
size	 (5–15	mm)	 and	 semi-	transparent	 soft	 body	 of	 larvae.	 For	
each	 sampling	 period,	 the	 gut	 contents	 of	 up	 to	 five	 individuals	
of	each	species	of	fish	were	dissected	to	determine	their	trophic	





2012;	 Sánchez-	Hernández	 et	al.,	 2015;	 Strong	 &	 Leroux,	 2014).	






in	 the	 diet	 of	 subtropical	 invertebrates	 are	 very	 rare.	Therefore,	
intraspecific	seasonal	dietary	shifts	could	not	be	included	for	links	
extracted	from	the	 literature	and	these	could	be	underestimated	
in	 some	 cases.	 However,	 in	 order	 to	 assess	 the	 accuracy	 of	 our	
methodology,	 the	pattern	 in	 total	number	of	 links	was	compared	















web	 structure	 was	 constructed	 from	 2008	 to	 2014.	 Following	 Boit,	













Shannon–Wiener′s	 diversity	 index	 (introduced	 above)	was	 calculated	







(MCMC)	 sampling	procedure,	 constructing	 the	posterior	 estimates	of	









and	 connectance,	 across	 months	 (the	 list	 and	 explanation	 of	 these	













starting	 configurations	 of	 the	 communities	 in	 the	 multidimensional	
space,	we	ran	the	model	iteratively	to	find	the	ordination	with	the	best	
goodness	of	fit	(Oksanen,	2015).
Subsequently,	 environmental	 factors,	 density,	 and	 diversity	 val-
ues	 by	 group	 (phytoplankton,	 zooplankton,	macroinvertebrates,	 and	
fish)	were	fitted	to	the	NMDS	model	following	López-	Carretero,	Díaz-	
Castelazo,	Boege,	and	Rico-	Gray	(2014),	and	the	association	between	










with	 observed	 clusters,	 this	 analysis	 ensures	 that	 structural	 similar-
ities	 reflect	 the	 consistency	 in	 trophic	 interactions	 across	 months.	
Consistency	in	the	resulting	cluster	of	month	from	both	methods	was	












S2)	 was	 run	 100	 times	 for	 the	 two-	dimensional	 ordination	 with	 a	
very	 high	 goodness	 of	 fit	 between	 the	 distances	 in	 the	 ordination	
against	the	original	data	(linear	fit	R2	=	.995,	nonmetric	fit	R2	=	.990).	
Accordingly,	 the	 Shepard	 plot	 of	 this	 model	 shows	 small	 scatter	
around	the	fitted	line;	thus,	original	dissimilarities	are	well	preserved	
in	 the	 reduced	 number	 of	 dimensions	 (Appendix	 S1).	 The	 NMDS	
model	showed	a	hierarchical	clustering	that	clearly	discriminates	be-
tween	 two	periods	 that	 approximately	 correspond	 to	austral	 ‘sum-
mer’	(October,	November,	December,	January,	February,	March,	and	
April)	and	austral	 ‘winter’	 (May,	June,	July,	August,	and	September)	
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in	 ‘winter’	 (Kruskal–Wallis	 p	<	.005	 in	 both	 cases).	 The	 number	 of	





With	 regard	 to	 the	 identity	of	 trophic	 interactions,	 the	similarity	
between	networks	estimated	as	(1—Sørensen	dissimilarity	index)	also	




‘summer’	 (January	to	March)	versus	 ‘winter’	 (May	to	August)	encom-
passed	the	lowest	values	observed	in	our	sample.	Using	an	incomplete	
dataset	 to	 estimate	 properties	 for	 the	whole	 period	might	 produce	
homogenizing	of	similarity	values.	Nevertheless,	this	analysis	comple-





during	 ‘summer’,	 and	 those	 present	 only	 during	 ‘winter’	 (Figure	3b).	























































* p < 0.01
(a) (b)







































































































































dietary	shifts	 in	 some	groups,	 it	was	 relatively	 representative	of	 the	
actual	pattern.
3.2 | Seasonal patterns in diversity
The	 number	 of	 trophospecies	 (nodes)	 remained	 relatively	 constant	
across	months	and	differed	substantially	between	groups	 (Figure	4a),	
with	 macroinvertebrates	 exhibiting	 the	 highest	 diversity	 of	 species	
(40.5	±	4.6	spp,	 range	34–46),	 followed	by	phytoplankton	 (25.1	±	3.6	
spp,	range	21–33),	zooplankton	(10.1	±	1.4	spp,	range	8–13),	and	fish	
(10.4	±	0.8	 spp,	 range	 9–11).	 The	Kruskal–Wallis	 rank-	sum	 test	 sug-
gests	that	there	were	no	differences	in	the	number	of	phytoplankton	
and	zooplankton	species	(p	>	.09	in	both	cases)	between	‘summer’	and	










100	m2	during	 ‘winter’	 (p	=	.0045;	Figure	4).	 In	contrast,	no	seasonal	





track	 observed	 changes	 in	 the	 number	 of	 trophospecies	 (Figure	4).	
Employing	this	 index,	differences	 in	diversity	between	 ‘summer’	and	
‘winter’	months	were	apparent	for	both	zooplankton	(Kruskal–Wallis	
p	=	.0028)	 and	 fish	 (p	=	.004).	 Conversely,	 no	 clear	 seasonal	 trends	
























































































































* p < 0.01
Summer Winter
(e)





showed	 a	 gradient	 that	 was	 highly	 correlated	 with	 the	 ordination	
(p	<	.05	 in	 all	 cases;	 see	Appendix	 S1).	Overall,	 these	 results	 are	 in	
agreement	with	the	general	seasonal	patterns	 in	diversity	described	





our	 approach	 (our	 food	web	 combines	 data	 from	 different	 and	 often	
nonoverlapping	 sampling	periods,	 see	Methods),	 our	 analyses	 showed	
a	strong	dichotomous	pattern	throughout	the	year	 in	the	dataset.	The	
pronounced	differences	between	 ‘summer’	 and	 ‘winter’	 detected	with	
two	alternative	analytical	approaches	(studying	topology	and	complexity	
of	the	food	webs,	Figures	2	and	3),	and	the	strong	correlation	between	
the	 structural	 patterns	 detected	 across	 the	 two	 periods	 and	 environ-
mental	correlates	quantified	independently	during	a	time	span	of	6	years	
(Figure	2),	support	the	robustness	of	our	results.	Although	NMDS	anal-







Reduction	 in	 the	number	of	nodes	 and	 links	was	 closely	 related	
with	 the	 topological	 simplification	 of	 the	 food	 web	 when	 several	










we	 used	 may	 be	 system-	dependent	 and	 generalization	 should	 be	
undertaken	with	 caution	 (Riede	 et	al.,	 2010).	Analyses	 also	 indicate	









number	 of	 trophic	 interactions	 and	 network	 size,	 connectance	was	
only	9.1%	higher	during	‘summer’	(Figure	2).	Despite	a	relatively	con-
stant	 connectance	 of	 9.3	±	0.7%	 (±SD),	 the	variation	 in	 the	 number	
of	trophic	 interactions	per	species	(i.e.,	 links	per	node)	suggests	that	
the	contribution	of	highly	connected	species	 increases	during	 ‘sum-
mer’.	 These	 species	 are	 primarily	macroinvertebrates	 (Figures	2	 and	
4)	 and,	 as	 described	 in	 other	 systems	 (Brönmark	&	Hansson,	 2005;	






unlikely	 to	be	meaningful	because	 they	have	multivoltine	 life	cycles	









change	 in	 the	 percentage	 of	 intermediate	 species	 between	 seasons	




Our	 results	 also	 suggest	 a	 set	 of	 concerted	 seasonal	 responses.	
High	 temperatures	 during	 summer	 are	 correlated	with	 a	 higher	 pri-
mary	 productivity	 (chlorophyll	 a),	 as	 well	 as	 increased	 diversity	 of	





Ruhl,	 &	 Smith,	 2006;	 Pitois,	 Lynam,	 Jansen,	 Halliday,	 &	 Edwards,	
2012).	This	 remains	 speculative,	 however,	 because	 causality	 cannot	
be	 established	 from	 our	 correlational	 approach.	 Nevertheless,	 as	 it	
has	 been	 described	 in	 temperate	 lakes	 (Huss,	 Byström,	 &	 Persson,	
2008;	Persson,	Byström,	&	Wahlström,	2000),	the	reduction	in	mac-
roinvertebrates	as	available	resource	promotes	body	size-	dependent	
intercohort	 competitive	 interactions	 in	 fish	 populations,	 resulting	 in	
reductions	of	fish	recruits.	Whereas	the	marginally	significant	increase	
in	zooplankton	density	during	summer	(see	Section	3)	seems	to	sup-
port	our	 interpretations,	 there	were	no	clear	seasonal	differences	 in	
both	phytoplankton	and	macroinvertebrates	 (Figure	2).	Nonetheless,	
in	Lake	Constance,	even	though	biomass	rather	than	density	was	used,	
and	 so	 a	 quantitative	model	was	 produced,	 top-	down	 control	 gives	
rise	 to	very	 similar	 seasonal	 trends	 to	 those	 reported	here	 in	which	
phytoplankton	 biomass	 remains	 constant	 or	 even	 decreases	 during	
8  |     ﻿PERALRA-RERAPE PL RAl. 
late	spring	and	early	summer	while	zooplankton	increases	(Boit	et	al.,	
2012;	Gaedke,	Hochstädter,	&	Straile,	2002;	Tirok	&	Gaedke,	2007).
In	 summary,	 our	 results	 provide	 a	 thorough	 description	 of	 how	
environmental	variables,	community	and	food	web	structure	and	eco-
system	function	change	in	tandem	throughout	the	year	in	this	study	
system.	Due	 to	 its	 simpler	composition	during	winter,	 the	Peri	Lake	
community	seems	to	be	overall	more	vulnerable	in	this	particular	sea-
son.	Given	the	relatively	predictable	seasonal	changes	in	photoperiod,	
temperature	 and,	 consequently,	 primary	 productivity,	 we	 speculate	
that	 this	 conclusion	may	be	applicable	 to	other	 lake	systems	with	a	
similar	 community	 structure.	 Increasing	 environmental	 change	 is	
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